To demonstrate how insects may adapt to ecologically relevant levels of heat stress, we performed artificial selection on the ability of Drosophila melanogaster to fly after an exposure to a high but non-lethal thermal stress. Both tolerance and intolerance to heat stress arose very quickly, as only a few generations of selection were necessary to cause significant separation between high and low lines for heat tolerance. Estimates of heritability based on the lines artificially selected for increased flight ability ranged from 0.024 to 0.052, while estimates of heritability based on the lines selected for the inability to fly after heat stress varied between 0.035 and 0.091. Reciprocal F 1 crosses among these lines revealed strong additive effects of one or more autosomes and a weaker X-chromosome effect. This variation apparently affected flight specifically; neither survival to a more extreme stress nor knockdown by high temperature changed between lines selected for high and low heat tolerance as measured by flight ability. As the well-studied heat-shock response is associated with heat tolerance as measured by survival and knockdown, the aspects of the stress physiology that actually affect flight ability remains unknown.
Introduction
Many physiological changes occur as temperature rises (Feder, 1996) . High-temperature stress affects organisms in a variety of ways, and therefore the variation underlying this tolerance should depend upon how tolerance to stress is measured (Bennett, 1987; Hoffman et al., 1997; Shine et al., 2000; Sørensen, Dahlgaard & Loeschcke, 2001 ). Consequences to fitness after heat stress may progress from a decline in oviposition and fertility, reduction in body size, a failure to mate, the cessation of locomotion (knockdown) and increased mortality Fasolo & Krebs, 2004) .
One of the best-known responses to stress is the heat-shock response, which includes induction of Hsp70 in Drosophila melanogaster, as well as a potential suite of other physiological changes (Feder & Hofmann, 1999) . Stress responses to high temperature can be tissue-specific, both for expression of heat-shock proteins and physical damage, which suggests why different traits are affected at different temperatures . Flight musculature in flies tends to produce little if any Hsp70 (Denlinger et al., 1991; Patton & Krebs, 2001) , and therefore other stress responses may be more important for protecting flight and related behaviors (ElWadawi & Bowler, 1995 , 1996 . Loss of flight ability has obvious ecologically consequences, and yet the ability to fly imposes known metabolic costs. For example, tradeoffs between investment in flight musculature and fecundity exist in Gryllus firmus (Crnokrak & Roff, 2002) . Complex modifications to metabolism can underlie these changes, in which hormones tightly regulate genetically based differences (Zera & Zhoa, 2004; Zera, 2005) . Furthermore, genetic variation in flight performance exists even under standard laboratory conditions (Curtsinger & Laurie-Ahlberg, 1981; Montooth, Marden & Clark, 2003) .
Therefore, flight is likely to vary genetically in D. melanogaster after exposure to thermal stress, as found among strains of D. mojavensis (Krebs & Thompson, 2005) , but because those strains had been reared several years in the laboratory, levels of variation may not have been applicable to natural populations. Here we analyzed genetic variation in flight performance after stress within a recently collected population of D. melanogaster, with three specific goals in mind: first, we performed artificial selection to produce a pair of non-inbred high-and low-flight lines based on performance after thermal stress; second, we used these lines to test predictions that flight ability after heat stress was related to other measures of heat stress resistance, i.e. survival (e.g., Morrison & Milkman, 1978; Loeschcke, Krebs & Barker, 1994) and knockdown resistance after heat shock (Huey et al., 1992) ; and third, we assessed genetic differences between lines using F 1 reciprocal crosses in a preliminary genetic assessment of differences in flight ability of our selected lines.
Methods
Ten isofemale lines of D. melanogaster were used in this experiment that originated from the desert region of San Blas, Nayarit, Mexico in January 2004 (Tucson Drosophila species stock center, ID #14021-0231.26). We obtained these lines in summer, 2004, which meant these lines had been in laboratory culture no more than 5-6 generations before the selection experiments began. Similar numbers of adults from each line were pooled as virgins and reared on a medium of cornmeal, molasses, agar, tegosept, and proprionic acid in an environmental chamber kept at a constant temperature of 25°C for three generations to produce 10 bottle cultures of a large, inter-crossed population prior to artificial selection.
After three generations, all bottles were cleared in the morning and then 231 males and 204 females were collected under CO 2 anesthesia, and placed into cotton-topped vials containing culture medium. Ten to 12 males and females were placed in each vial. Five days later, all 435 flies were heat shocked in a water bath at 37±0.1°C for 60 min (model 7305 from Polyscience, Niles, IL). Although in nature, flies would heat up more slowly than when moved directly to 37°C, this treatment has proved useful for inducing stress responses (Hoffmann & Watson, 1993; Huey & Kingsolver, 1993) . In preparation for immersion, the vials of flies were inverted with a damp rubber stopper placed over the cotton to maintain high internal humidity. Once lifted from the baths, rubber stoppers were removed from each vial and the flies were allowed to recover for 60 min at 25°C before assaying for flight ability.
The selection threshold criterion used for establishing two high flight selection lines was sustained flight for no less than a distance of 12 cm, a condition met by 98 females and 77 males. The criterion for the two low lines required no visible wing damage, the ability to walk, but little ability to fly or to hover. To differentiate between an unwillingness to fly and an inability to fly, individuals were prodded with a camel hair paintbrush, a technique that is commonly used to induce walking when more severe stress treatments are applied (Loeschcke, Krebs & Barker, 1994) . Only when flight could not be induced were flies scored as lacking flight ability. Ninety-nine females and 127 males met those conditions. High-flight and low-flight lines were then produced by pooling approximately 10 males and 10 females in each bottle and randomly assigning bottles as either high/low line 1 or high/low line 2 depending whether flight capable or non-flying individuals were combined.
In each subsequent generation, 12-15 vials of males and females (10-12 flies per vial) were collected for continued selection in each of the two high-flight lines and the two low-flight lines (about 150 males and 150 females for each line, each generation). Only individuals that flew were saved in the high-flight lines, and only those that failed to fly were saved for the low-flight lines. Each line was then reconstructed from all selected flies and reared in five fresh bottles of medium. Selection was performed on 4-to 5-day-old flies. To maintain high population numbers in each line, all adults had 3 days to recover from the heat treatment before mixing them for rearing. Adults oviposited in bottles for 5 days after which they were discarded to avoid over-crowding, although no attempt was made to explicitly control larval densities. Collection of adults began only after substantial numbers of flies began to emerge from bottles; emerging adults were cleared, discarded, and newly emerged virgins were collected less than 12 h later.
To recapture flies after flight selection, a chamber was constructed of Plexiglas (50Â50Â40 cm), which had netting with arm slits on both sides for access. This chamber allowed release of heat-shocked flies and recapture of individuals that flew with a standard glass tube aspirator. No anesthesia was required and 95% of all individuals that flew were recaptured, returned to clean food vials, and used to establish the next generation of high lines. Low line individuals were more easily assayed and recaptured using a simple white background on an open tabletop.
After four generations of selection when high and low-flight lines had significantly diverged, reciprocal cross progeny were produced among all four lines (the two high-flight and two low-flight lines). Virgin males and females of each strain were collected and used either to start pure strain cultures or for reciprocal F 1 crosses between these lines, resulting in 16 sets of crosses: four of each selected strain, and two reciprocal sets of each of the six possible crosses between strains. Two bottles of each cross were prepared, and these adults were transferred to fresh medium after 3 and 6 days to ensure sufficient progeny for analysis. As new flies emerged, they were collected within 12 h, and 10-12 males or females were placed in each glass vial. Four-to-five-day-old flies were used as in the selection protocol, and flies were heat treated at 37±0.1°C for 60 min, and given 60 min to recover before being assayed for flight. Ten replicates for each cross were collected over a 7-day-period, and one vial of males and one of females per cross were heat treated together. Thus, the experiment and analyses of variance were completely balanced.
After assaying reciprocal cross progeny, the adults emerging from the parental strains were tested for survival and knockdown as a response to a more extreme stress. For both of these more commonly applied tests of thermotolerance, adults were collected as above. Survival was tested one generation after completing tests of reciprocal crosses, and knockdown time was assayed for the following generation. Thus, selection had been relaxed for two generations prior to initiating these experiments.
For the test of survival, three blocks of flies were collected; each block had five vials of males and five of females per selection line, and each vial contained 15-20 flies. These blocks of flies were exposed to slightly different heat stresses: block 1 was treated at 38±0.1°C for 60 min, block 2 received 1 h at 38.5±0.1°C for 60 min, and block 3 received 1 h at 38.3±0.1°C for 60 min. These temperature adjustments were made to produce mean survival values in the range of 0.3-0.7, insuring that the variance among lines would be similar even if their means varied significantly. Survival was scored as the ability for a fly to walk 24 h later.
Knockdown time was scored on individual flies, using 20 males and females from each line. A 4-to 5-day-old adult was placed in a glass vial and immersed at 39°C. This fly was observed until it fell and could no longer right itself, and the time for this event was recorded to the nearest second. A temperature of 39°C was chosen in order to knockdown a majority of flies within 20 min (range=5-22 min), enabling analysis of 160 flies in the same generation.
Analyses of line variation and correlated effects were performed in SAS (1998). Even though two replicates were established for each selection treatment, the effect of selection was tested in a nested design, using variation between lines within selection treatment in the denominator. For the analysis of genetic differences, each line was treated as an independent entity. This procedure restricts hypotheses testing to the specific lines under study, but enables comparison of underlying variation and associative effects related to these differences.
To quantify genetic variation, estimates of the selection intensity, which is the selection differential (S) in standard deviation units, and the estimate of heritability (where the selection response, R=h 2 /S) were calculated for each generation (Falconer, 1981, pp. 172-174) . Tests of significance from zero were based on whether confidence limits, determined from the standard errors, overlapped zero. But, these estimates may be biased because they were based on truncation selection on a threshold trait. This procedure may overestimate the selection differential, as all parents for the subsequent generation had phenotypic values of 0 (cannot fly) or 1 (able to fly). Variation in each parent generation was estimated from replicate vial means using 10-12 flies per vial to convert the binomial measurement into a quantitative one (Krebs & Loeschcke, 1997) .
Results
Through four generations of selection, the two high lines and two low lines diverged significantly in the proportion of individuals that could fly after exposure to thermal stress (F 1,2 =26.1, p<0.05). Regression coefficients for males and females of each strain are presented in Table 1 , with both low lines declining significantly in the proportion that flew while flight frequency increased significantly in both high lines. Initially, 48% of all females and 33% of all males flew after an exposure to a 1-h 37°C stress. Selection in the high lines increased flight ability after thermal stress to about 90% in females and to 80% in males (Figure 1 ). In contrast, flight ability in low lines decreased to 20% in females and 10% in males. Females flew at a higher frequency than males in all lines (F 1,441 =195, p<0.001).
Because flight is a threshold trait, all parents satisfied the criteria of no flight after stress (low lines) or flight after stress (high lines). Therefore the initial intensity of selection is very large, which caused rapid selection despite low, but significant, estimates of heritability (Table 2) .
Selection intensity (and the associated response to selection) declined across generations in the low lines that rapidly lost the ability to fly, but remained large in the high-flight lines predominantly due to reduced estimates of variance in flight. The outcome of this difference in artificial selection to increase and decrease flight ability was that the two high lines continued to increase in flight performance while the selection response in the two low lines began to plateau by the fourth generation of selection (Figure 1 ). Variation among the progeny of reciprocal crosses (Figure 2 ) was explained predominantly by strong effects of male parent (F 3,318 =63.0, p<0.001), female parent (F 3,318 =112.5, p<0.001), and gender of the flies tested (F 1,318 =82.4, p<0.001). Basically, hybrids among the different strains, especially high and low lines, tended to be intermediate, while gender differences persisted. None of the interaction effects were significant, although an effect of male strain was marginal (p<0.06).
Two specific contrasts suggested that genetic differences in flight ability among our selection lines were largely additive. Hybrid male offspring whose female parent was from high-line 2 (the line with the highest tolerance to heat, see Figure 1 ), consistently flew more often than did male progeny of the reciprocal cross, where paternal parent originated from high-line 2. Also, hybrids between the two low lines had higher flight ability after heat stress than did offspring possessing parental genes from only one of these low lines (Figure 2) , except for male offspring of L1 mothers. Selection for high-or low-flight ability after heat stress had no significant influence on survival after exposure to a higher temperature stress or direct knockdown from exposure to high temperatures (Figure 3) . However, more high-flight ability flies survived the high temperature stress treatment. The only significant effects involved gender where females survived heat stress better than males (p<0.001). By contrast, males remained upright, avoiding knockdown at 39°C longer than females (p<0.01). Therefore, neither of these traits showed a significant correlation with temperature tolerance as measured by flight ability.
Discussion
Flight ability after exposure to high temperature responds rapidly to selection, as has been observed for other tests of stress in Drosophila (Huey et al., 1992; McColl, Hoffmann & McKechnie, 1996; Gilchrist & Huey, 1999; Bubliy & Loeschcke, 2005) . Both high lines responded to selection for increased flight ability after thermal stress reaching 80-90% of flies that flew in each line. In the low lines, flight ability declined rapidly such that only 10-20% of flies flew after exposure to heat stress, even though estimates of heritability ranged between only 0.02 and 0.09.
Patterns of genetic variation between the high and low lines suggest a strong additive effect. Between lines, only a small X-chromosome effect separated the two high lines while a hybrid vigor may affect offspring between the two low lines. The possibility that deleterious traits reducing flight ability exist was suggested previously based on strong hybrid vigor in crosses among laboratory strains of D. mojavensis (Fasolo & Krebs, 2004; Krebs & Thompson, 2005) . Overall, these results show the potential for a small array of genes to contribute to genetic variation in natural populations with respect to flight ability after exposure to heat stress. There are several implications to the selection responses observed here. At least some natural populations of D. melanogaster have the ability to respond rapidly to heat stress allowing for flight ability under environmental extremes. Unlike our earlier reports, the variation cannot be attributed simply to deleterious traits present in the population (Krebs & Thompson, 2005) , as the lines rapidly responded to selection to both increased and decreased flight ability. These are the types of results that have been found previously when selection has been focused on survival tolerance to heat (e.g., Morrison & Milkman, 1978; Krebs & Loeschcke, 1996; Lansing, Justesen & Loeschcke, 2000) . An important difference here is that selection was possible at much lower temperatures than in experiments assessing survival. This stress level does not affect reproductive ability of the flies (David et al., 2005) , and therefore selection could be easily imposed in sequential generations, although the affected underlying cause of variation likely differs (Berrigan, 2000) .
Another outcome of selection was that direct effects on flight rapidly changed without any coincident effects on survival or knockdown. Bubliy and Loeschcke (2005) also found low levels of concordance among line differences when comparing a select group of stress resistance measures that included stress effects of survival from cold or heat, desiccation, starvation and heat-knockdown time. One concern in any of these analyses is that all measures of resistance cannot be measured concurrently in the same population, and therefore we scored knockdown and survival 1-2 generations after completing selection on flight. However, Krebs and Loeschcke (1997) found that natural variation in survival of D. buzzatii after stress persists over several generations, and lines of D. melanogaster reared in the absence of stress in the laboratory remain very consistent in stress tolerance as measured by survival even over periods of years (Krebs et al., 2002) . Therefore, these low trait correlations are unlikely to be a consequence of relaxed selection from rearing under benign conditions. Because the genetic basis of different measures of stress resistance seems to vary, what are the possible underlying loci for these traits? Within assays of survival and also knockdown, variation in the expression of Hsp70 or allelic variation in genes for this protein often have been implicated (Hoffmann, Loeschcke & Sørensen, 2003) , because some hsp70 alleles, as well as knockdown resistance from heat, can be observed to follow a latitudinal cline Hoffmann, Anderson & Hallas, 2002) . Higher Hsp70 expression likewise aids survival Feder & Hofmann, 1999) , and selection to increase Hsp70 even improves survival following stress , although expression of Hsp70 is less in Drosophila flight muscle than in other parts of the fly (Patton & Krebs, 2001) . Selection on knockdown resistance also shows a strong link to other Hsps, as it can alter Hsp68 concentration and that of Hsr Omega (McColl, Hoffmann & McKechnie, 1996) . However, gender effects are reversed between flight resistance and knockdown resistance in the experiments reported here. For these reasons, we do not predict that variation in Hsp70 expression predominantly controls variation in flight after stress.
Thus, what aspects of the physiology actually responded here to selection remains unknown. The ability to fly underlies the evolutionary success of insects, yet, as Luckinbill et al. (2005) highlight, relatively few studies have considered the genetics of the complex processes that allow flight. Direct flight muscle control of wing beat and orientation (Fry, Sayanman & Dickinson, 2003) , as well as rotation and timing of the wing beats to maintain lift on the upstroke (Ellington et al., 1996; Dickinson, Lehmann & Sane, 1999) , all are likely controlled by numerous developmental pathways. Which of these fail under the effects of heat is unknown. One proposed impact of heat stress is that reduced oxidative respiration in mitochondria can affect flight (ElWadawi & Bowler, 1996) , but that cause leads to the prediction of variation in mitochondrial performance, which would be observed as a maternal effects if present. None was observed.
Thus, variation in flight after stress may be completely unrelated to various known stress responses, and instead be linked to a deficiency in one of the basic physiological processes that enable flight. In their study of genetic variation in flight duration and rate, Luckinbill et al. (2005) also found predominantly additive effects controlling variation among recombinant inbred lines of D. melanogaster. While we do not believe that the selection protocol used here could have altered flight performance directly in so few generations, it is suggestive that the thermal environment may also influence some of the factors that underlie natural variation in flight performance. Clearly, these recent findings suggest that both environmental and genetic components of variation in flight performance may be understudied aspects of life history variation.
